We present a new method to measure the intraday relationship between movements of implied volatility smiles and stock index returns. It is based on a stylized fact on intraday data that, to the best of our knowledge, has not been noted before. Contrary to the overall downward sloping skew profile, when the strike price is fixed, implied volatilities tend to increase with moneyness. Because the corresponding moneyness variation is caused by index changes alone, this implies that when the index falls (moneyness increases), implied volatility increases, and vice versa. We estimate this relationship using transaction data for exchange-traded EuroStoxx 50 options from 2000 to 2011 and DAX options from 1995 to 2011. We find that the intraday evolution of volatility smiles is generally not consistent with traders' rules of thumb such as the sticky strike or sticky delta rule. On average, the impact of index return on implied volatility is 1.3 to 1.5 times stronger than the sticky strike rule predicts. The main factor driving variations of this adjustment factor is the index return.
Introduction
When studying options with different strike prices, it is common practice to translate option prices into implied volatilities. The strike price structure of implied volatilities directly reveals deviations from the flat line prediction of the Black-Scholes model. The patterns typically found in option markets are subsumed under the term "smile", because they often show an increase in implied volatility for high and low strike prices. For stock index options, implied volatility tends to decrease monotonically with strike price, which is why the pattern is better known as a "skew". In line with a part of the literature, we use "smile" as a general term for the strike price profile of implied volatility, which also includes a skew pattern. Figure 1A (p. 3) shows a typical scatterplot of implied volatility against moneyness, where moneyness is defined as a scaled ratio of strike price and underlying index value. Each point represents a transaction on 21st January 2009 in DAX options with a time to maturity of 30 days. Clearly, there is an overall downward sloping skew profile, which is consistent with the findings of many previous studies. But to the best of our knowledge, the literature so far has not paid attention to a secondary pattern which is apparent from the same graph when plotting neighboring strike prices in different grey shades (see Fig. 1B ). Contrary to the overall downward sloping skew profile, when the strike price is fixed, implied volatilities tend to increase with moneyness. Because the corresponding moneyness variation is caused by index changes alone, this implies that when the index falls (moneyness increases), implied volatility increases, and vice versa. The whole smile structure appears to move systematically in relation to index changes. The main idea of this paper is to exploit these intraday movements to analyze the index-volatility relationship. We apply this analysis to options on the EuroStoxx 50 and the German DAX index, which both belong to the most actively traded stock index options in the world. 1 Our study includes 4.6 million transactions of EuroStoxx 50 options over the period from 2000 to 2011 and 9.3 million transactions of DAX options between 1995 and 2011.
Our study is related to three streams of literature. The first deals with the dynamics of the surface of implied volatilities. The surface is typically estimated on a daily basis using para- metric or non-parametric methods. In the parametric approach, which goes back to Shimko (1993) , implied volatilities are modeled by polynomial functions of moneyness and time to maturity. Non-parametric methods include kernel regressions (e.g. Fengler (2005) ) and grouping techniques (e.g. Pena et al. (1999) ). The dynamics of implied volatilities is then analyzed by Prinicpal Components Analysis (PCA) or related methods. 2 Several studies show that a small number of two to four factors explains much of the daily variation of the smile surface. These factors are related to shocks to (1) the overall level of the smile, (2) its steepness, (3) curvature and (4) the term structure of implied volatilities (see Skiadopoulos et al. (1999) , Cont and Fonseca (2002) , Hafner (2004) , Fengler et al. (2003) , Fengler et al. (2007) ). The studies also find that the level-related factor has a strongly negative correlation to the return of the underlying index. Goncalves and Guidolin (2006) take a more direct approach than PCA by using VAR models for the parameters of polynomial smile regressions. They find that the movements of the surface are highly predictable, but it remains an open question if this predictability can be exploited by profitable trading strategies.
The negative return-volatility correlation, which is at the heart of the second stream of literature, is as strong as about −06 to −08 in daily data, which is why it is regarded as an important stylized fact (see, e.g., Christoffersen (2012), p. 11) . It is often called asymmetric volatility or leverage effect, because a decrease of stock prices brings about higher leverage ratios and therefore higher equity risk. However, this leverage argument is insufficient to explain the size of the observed correlation (see Figlewski and Wang (2000) ). Recent evidence from high-frequency data suggests that the relation is initiated by index return followed by a volatility reaction (see Masset and Wallmeier (2010) ), but the economic causes of the effect are still unclear. In line with other studies, we still use the term "leverage effect" although the leverage argument cannot fully account for the effect.
The third stream of literature considers the asymmetric volatility reaction from a trader's point of view. Traders need to know the return-volatility relation for hedging plain-vanilla options and pricing and hedging exotic options. They often rely on rules of thumb instead of sophisticated but possibly less robust theoretical models. 3 Derman (1999) analyzes three rules of thumb known as "sticky moneyness", "sticky strike" and "sticky implied tree". The first two rules suggest that implied volatility remains constant for given moneyness or given strike. The third rule assumes that there is a deterministic relation between asset price and local volatility, so that volatility is not a risk factor of its own. This is why the familiar binomial and trinomial trees can be modified to reflect the node-dependent local volatility. However, empirical studies do not support the deterministic volatility approach (see Dumas et al. (1998) ). It implies exaggerated shifts of the smile profile when the asset price changes. Ultimately, the return-volatility relation is overstrained if it is considered as the sole cause of the observed skew. Nevertheless, Crépey (2004) concludes from numerical and empirical tests that, in negatively skewed equity index markets, the mean hedging performance of the model is better than the Black-Scholes implied delta. Thus, the local volatility model might be useful in practice despite its known weaknesses.
The results for the other rules of thumb are mixed. For a one year time period, Derman (1999) identifies seven different regimes in which different rules prevail. Daglish et al. (2007) analyze monthly S&P500 option data from 1998 to 2002 and find support for the sticky moneyness rule in a relative form, which means that the excess of implied volatility over the ATM level is a function of moneyness. Gatheral and Kamal (2010) report that the ATM implied volatility of S&P500 options reacts 1.5 times stronger than expected according to the sticky strike rule. This estimate reflects the average relationship from daily data over a time period of eight years.
Compared to these studies, the first contribution of this paper is to introduce the stylized fact illustrated in Figure 1 , and to show how it can be exploited to estimate the index-implied volatility relationship. For this purpose, we extend the commonly applied smile model. One advantage of our approach is that high-frequency changes of implied volatility can be measured with greater precision than high-frequency changes of realized volatility. 4 Another advantage is that our estimate is based on all option trades on one day which allows us to accurately disentangle the effects of moneyness and index level on implied volatilities.
Our second contribution is to check the validity of traders' rules of thumb using the enhanced smile model. We find that none of the three commonly proposed rules (sticky moneyness, sticky strike, sticky implied tree) is valid over any extended time period. "Sticky moneyness" has to be rejected, because it ignores the observed systematic movements of the skew pattern altogether. "Sticky strike" goes in the right direction, but the empirical intraday movements are, on average, about 13 times stronger than the rule predicts. In contrast, the smile movements implied by the "implied tree rule" are clearly exaggerated compared to empirical observations. These findings are remarkably stable over time and across time to maturity classes. They are practically relevant for hedging index options, testing option pricing models and modeling and trading volatility (see Gatheral and Kamal (2010) , 930).
Our analysis requires very precise estimates of implied volatility. Hentschel (2003) shows that the impact of estimation errors is potentially large, which makes it difficult to identify the secondary smile pattern this study is about. Therefore, we make every effort to reduce estimation errors.
For example, we perfectly synchronize index levels and option prices and make use of put call parity to obtain an implicit market estimate of expected dividends including tax effects. 5 With this clean database, it turns out that the relationship between index and option markets is closer than previous literature suggests. Almost all of the variation of implied volatility across transactions in one option series on one day can be explained by moneyness and index return 4 The main reason is that implied volatility can be inferred from a single option trade if the concurrent underlying price is known. 5 This is not standard practice in the literature. For instance, Christoffersen et al. (2009) (average daily  2 of the enhanced smile model of 99%). This means that option pricing follows a strict rule established as a market standard, which might be of interest on its own.
The rest of the paper is structured as follows. Section 2 describes our data and the matching of index and option prices. Section 3 presents our enhanced smile model and Section 4 the results of its empirical estimation. Section 5 concludes.
Data
We analyze options on the European stock index EuroStoxx 50 (OESX) and on the German stock index DAX (ODAX). They are traded at the Eurex and belong to the most liquid index options in the world. 6 The options are European style. At any point in time during the sample period, at least eight option maturities were available. However, trading is heavily concentrated on the nearby maturities. Trading hours changed several times during our sample period, but both products were traded at least from 09:30 to 16:00. Our sample period extends from 1995 to 2011 for DAX options and from 2000 to 2011 for ESX options (which were launched in 2000).
For this study of intraday smile movements, it is crucially important to measure implied volatilities with great precision. Hentschel (2003, p. 788) describes the main sources of measurement error as follows: "For the index level, a large error typically comes from using closing prices for the options and index that are measured 15 minutes apart. This time difference can be reduced by using transaction prices, but such careful alignment of prices is not typical. Even when option prices and published index levels are perfectly synchronous, large indexes often contain stale component prices." We address these concerns in the following ways. To overcome stale prices in the index, we derive the appropriate index level from transaction prices of the corresponding index future, which is the most common index trading instrument. We match each option trade with the previous future trade and require that the time difference does not exceed 30 seconds. In fact, the median time span between matched future and option trades in 2011 is 240 milliseconds. Even with perfect matching, the index level might still be flawed since it is not adjusted for dividends during the option's lifetime. This is particularly relevant for the 6 We are very grateful to the Eurex for providing the data.
ESX which is a price index, while the DAX is a performance index. 7 The necessary adjustment is not straightforward since dividend expectations of option traders are not directly observable.
Instead, following Han (2008) and, for the German market, Hafner and Wallmeier (2001), we use put-call parity to derive a market estimate of the appropriate index adjustment. Put-call parity is directly applicable because our index options are of European type and transaction costs are small.
Our procedure to measure implied volatilities can be summarized as follows. To obtain the index level   corresponding to an observed futures market price   at time  on day , we solve the
where  is the risk-free rate of return and  the futures contract maturity date. We only consider the contract most actively traded on that day, which is normally the nearest available. The futures implied index level   is then adjusted such that transaction prices of pairs of at-the-money (ATM) puts and calls traded within 30 seconds are consistent with put-call-parity. The adjusted index level is
is the same adjustment value for all index levels observed intraday. Empirically, the adjustment is usually negligible with the exception of short-term ESX options traded in March (after the third Friday) and April. The reason is that for these options, the maturity months (April and May) are different from the next maturity date of the future (June). Between the two maturity dates, most ESX firms pay out dividends, which are therefore considered differently in options and futures prices.
Estimation method
In line with Natenberg (1994) and Goncalves and Guidolin (2006) , among others, we define time to maturity adjusted moneyness as:
where  is the intraday time (down to the level of seconds),  denotes the trading day,  is the option's maturity date and  the exercise price. The typical smile regression based on transaction data considers all trades on one day in options with different strike prices but the same time to maturity. Figure 2 shows typical scatterplots of implied volatility across moneyness for different times to maturity (trading date 14th December 2011).
-Insert Figure 2 (p. 23) about here. -
A common way to model these patterns is to use the cubic regression function:
where  is the implied volatility,     = 0 1 2 3 are regression coefficients,  is a random error, and  a dummy variable defined as:
The dummy variable accounts for an asymmetry of the pattern of implied volatilities around the ATM strike ( = 0). The cubic smile function is twice differentiable so that the corresponding risk-neutral probability density is smooth.
A weakness of regression model (1) is the underlying assumption that the smile pattern is constant during each trading day. By contrast, empirical observations suggest that implied volatilities change in accordance with intraday index returns (see Fig. 1 ). Therefore, we propose an enhanced regression model which considers the index level as an additional determinant of implied volatilities. The new regression function is:
where  is the short-form of    . For  = 0, this model implies parallel shifts of the smile pattern in response to changes in the index level. The interaction term with moneyness is included to also allow for twists of the smile pattern ( 6 = 0). Figure 3B shows the fitted regression function for the previous example of Figure 1 . On this day (21st January 2009), the index varied between 4140 and 4310. For a given strike price, index changes are directly reflected in inverse moneyness changes. These, in turn, are systematically related to changes in implied volatilities, as can be seen from the positive relation of implied volatilities and moneyness for constant  (Fig. 3A ).
This structure overlying the general smile pattern is well captured in the enhanced smile model (Fig. 3B ).
-Insert Figure 3 (p. 24) about here.
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(2) takes on the value  defined as the average stock price on that day,  ( )
represents the "average" daily smile: 8 Based on the enhanced regression model (2), we propose two simple measures for the index dependency of the smile. The first measure is defined as the partial derivative of ATM implied volatility with respect to the log index level and is therefore equal to the coefficient :
A -coefficient of 1 means that ATM volatility decreases by one percentage point when the log index rises by one percent. The second measure is closely related to well known traders' rules of thumb for the smile dynamics. Following Gatheral and Kamal (2010) , this measure is the parameter  so that the following relation holds:
The left hand side of Eq. (5) describes the total change of the implied volatility of an ATM option per unit of change in moneyness, where the changes in moneyness and implied volatility are induced by index return. The right hand side relates this change in implied volatility to the change we would observe with a constant smile pattern. Under the assumption of a constant smile, we would just have to update moneyness in accordance with index changes and read off the new implied volatility from the initial smile function ("sticky moneyness"). The smile dynamics corresponds to this sticky moneyness rule if  = 0. In case of  = 1, the index-induced change in implied volatility of an option is zero, which corresponds to the "sticky strike" rule.
As a third rule of thumb, Derman (1999) introduced the "sticky implied tree" rule which is characterized by an inverse movement of implied volatilities compared to "sticky moneyness".
In our formulation, the sticky implied tree rule approximately corresponds to  = 2.
Inserting the derivatives
into Eq. (5) and solving for  we obtain:
Thus, the second measure of the intraday leverage effect,  expresses the coefficient  as a multiple of the slope of the smile function. In case of  = 1, the parallel shift of the smile function just offsets the effect of "riding" on the initial smile function (sticky strike). The sticky implied tree rule postulates that the parallel shift more than offsets the effect of a movement along the smile, while sticky moneyness implies that shifts of the smile are non-existent. Therefore, our enhanced smile regression model provides the opportunity to test these rules of thumb on a daily basis.
The error terms in Eq. (1) and (2) are supposed to be heteroscedastic, because the sensitivity of the implied volatility estimates with respect to the index level is larger for deep in-the-money options. Therefore, we apply a weighted least squares (WLS) estimation assuming that the error variance is proportional to the (positive) ratio of the option's delta and vega. 9 This ratio indicates how a small increase in the index level affects the implied volatility. We note that the impact of the WLS estimation (as opposed to OLS) is negligible in all but very few cases.
We exclude an observation as outlier if the absolute value of the regression residual exceeds five standard deviations of the residuals. Such outliers can be due to mistrades which are unwound but still contained in the database. Less than 0.3% of all observations are identified as outliers according to the 5-sigma rule.
4 Empirical results
Smile pattern over time
We classify options into three maturity groups. The last two weeks before the maturity date (which is a third Friday) are excluded to leave out expiration-day effects. The weeks 3 to 6, 7 to 10, and 11 to 14 before maturity each constitute one group, so that the time to maturity ranges from 14 to 39 days (TtM1), 42 to 67 days (TtM2), and 70 to 95 days (TtM3). The days in-between these intervals are Saturdays and Sundays. Options with longer maturities are not considered due to thin trading. Table 1 
and  2 = 0139 are chosen such that an option with a time to maturity of 45 days has a strike price of 90% or 105% of the index level. 
Intraday movements of the smile
We now turn to the empirical results on intraday movements of the smile in relation to intraday index changes. Our first measure of the index-smile relation, which is the -coefficient of the enhanced smile regression (2), is on average significantly negative (see Table 1 , Panel B). Thus, the intraday index level turns out to be an important explanatory variable. For instance, the average  for OESX options in the first maturity group is −07938 with a standard error of 04878 √ 2694 = 00094 which corresponds to a -value of 845. The negative sign means that the smile shifts upwards when the index value decreases. The shift tends to be stronger the shorter the time to maturity. The estimated -coefficient for the interaction of moneyness and index level is negative on average, but in 5 of 6 cases (two options, three maturity classes) it is not significant. The adjusted  2 -coefficients of the extended smile model are significantly higher than those of the simple smile model. On average, the adjusted  2 is about 98% in the first moneyness class and 99% in the second and third classes. Therefore, the intraday index level explains about 50% of the variation of the remaining errors of the simple smile regression.
The -coefficient as our second measure of the relation between index level and smile profile is about 13 on average (Table 1 , Panel B). The mean value is significantly larger than 1 for ODAX and OESX in all maturity classes.
For a more detailed analysis, we split our sample into years and compute yearly averages of the -and -coefficients. The results in Table 2 indicate that  is always negative and  always greater than 1. Coefficient  varies more strongly than . One reason is that  is positively related to the slope of the skew. Such a relation does not exist for the -coefficient. Thus, the steeper the smile, the larger is the parallel shift of the smile with respect to changes in the index level. In a world with a constant smile, when the index level decreases, implied volatility falls along the initial smile pattern. To exactly offset this decrease of implied volatility, the shift in the smile pattern would need to be directly related to the slope of the skew. We find that the actual shift is typically about 1.3 times bigger. The yearly averages of the -coefficients are remarkably stable across time to maturity classes and for the two options (ODAX, OESX).
-Insert movements, but the empirically observed shifts are more pronounced. Conversely, the predictions of the implied tree rule are too extreme. As Dumas et al. (1998) and others have shown, the reason is that implied tree models assume a deterministic relation between volatility changes and asset returns. This negative relation is regarded as the sole cause of the skew in option prices. However, to explain the strong skew observed in index option markets in this way, the relation between volatility and return would have to be even stronger than it actually is.
Determinants of intraday movements
The last section revealed that the -coefficient does not appear to follow a trend or cyclical
pattern. Yet, it might be systematically related to other economic variables. One obvious candidate is the index return, because negative index returns are often found to have a stronger impact on volatility than positive returns.
We define daily log return as   = ln(    ), where   and   denote the index levels at closing and opening of option trading on day . Days are grouped into eight daily return (DR) groups. Group 1 includes all days with   ≤ −3%, Group 8 all days with    3%. The groups in-between cover a return interval of one percentage point each, in ascending order. For example, Groups 4 and 5 are characterized by −1%    ≤ 0 and 0    ≤ 1%, respectively. As a second return variable, we define previous overnight return (OR) as    = ln(   −1 ).
We build four OR classes in ascending order with thresholds for    of -0.5%, 0%, and 0.5%.
Thus, Group OR1 includes all days  with    ≤ −05%, Group MR4 all days  with     05%.
Sorting is done in one dimension, either by DR or OR, based on all days of the sample period (1995 to 2011 for ODAX and 2000 to 2011 for OESX).
-Insert Table 3 shows the number of days,  in this group and the average  and  coefficients. We focus on coefficient  as it takes the slope of the smile into account.
The results show a strongly negative relationship between  and the daily return DR. In line with expectations,  is generally higher for negative compared to positive returns. In the DR8 group (   3%), smile movements are consistent with the sticky strike rule ( close to 1) For small absolute returns (DR4 and DR5),  corresponds to the sample average of about 13. In the DR1 and DR2 groups, the smile movements are stronger, with -coefficients clearly above 15. The -values tend to be larger for shorter times to maturity, but the differences between the maturity classes are small. The overnight return OR appears to be related to the -coefficient in a similar way as DR, but with a smaller impact. The mean  value for OR1 (   ≤ −05%) is about 15, while it is about 12 in the OR4 group (    05%).
To examine determinants of the -coefficient in more detail, we estimate the following regression model in each year:
where   is the value of determinant  on day  of the respective year,   is the estimated -coefficient according to Eq. (6) on day ,   are regression coefficients and  is an error term.
Based on the time series of coefficients from these yearly regressions, we compute the Fama and MacBeth (1973) -statistic to examine if an overall significant influence over the sample period exists. Our explanatory variables are the daily return (DR) and the overnight return (OR)
as defined before, the ATM implied volatility (variable ATM), the slope of the smile function (Skew), and two variables related to net buying pressure of OTM puts (see Bollen and Whaley (2004) ) and thin trading. Following Masset and Wallmeier (2010) , we use trading volume (in Euro per day) as liquidity measure and the ratio of trading volume of puts to the trading volume of calls (per day) as a measure of net buying pressure (Put-Call Ratio). We also include the time to maturity in calendar days (variable TtM).
-Insert Table 4 (p. 31) about here. -
The regression results in Table 4 The adjusted  2 coefficients are about 85% on average and significantly different from zero in each year. This degree of explanatory power is in line with our previous observation that the -coefficient is relatively stable and does not follow clearly discernable patterns over time.
Day-to-day movements
The -measure of our intraday analysis is based on a marginal analysis. In particular, the slope coefficient in the denominator of Eq. (6) is the differential change of implied volatility. For significant index moves, however, the discrete change in volatility also depends on the curvature of the smile function. Therefore, in this section, we examine day-to-day movements of implied volatilities. 10 The enhanced smile regression model is particularly suitable for this analysis, because it provides a mapping from index level to smile profile, so that smile changes can be accurately matched to index returns. According to Eq. (2), the index level dependent smile is given by:
where moneyness is a function of discounted strike price  and index level . Let  =   denote the average index level observed on day . If the smile function remains constant from day  − 1 to , the stock price change from  −1 to   induces a change   of the implied volatility of an ATM option of
The additional change   due to a shift of the smile function is equal to
The variables   and   in Eq. (7) and (8) To analyze the net effect of the change in volatility, we run the time-series regression:
where  and  are regression coefficients and  is an error term. We expect coefficient  to be 0 (no drift). Coefficient  has a similar interpretation as before in the intraday analysis, i.e.  = 0 characterizes sticky moneyness and  = 1 corresponds to the sticky strike rule.
10 I am grateful to Michael Kamal for suggesting the comparison of intraday and daily results.
We additionally run the quadratic regression:
where  0   1 and  2 are regression coefficients. The intraday analysis in Section 4.3 revealed that the ratio     depends on the daily return and therefore on   . Thus, we expect     to be higher the smaller   , which means that coefficient  2 is supposed to be negative.
To be consistent with our previous intraday analysis, we also compute the mean of the ratio
The mean is equal to the estimated  0 coefficient in a regression of     on a constant:
We can interpret  0 in Eq. (11) as an unconditional estimate of the ratio −    , while −    in Eq. (9) is conditional on   . The regression results of Eq. (9) and Eq. (11) are shown in Table 5 . The sample mean value  0 lies between 120 and 134 while the median is always higher with values of 133 to 143 Regression (9) provides even higher estimated -coefficients between 136 and 157 The latter values are similar to results found by Gatheral and Kamal (2010) for daily S&P500 options data.
-Insert Table 5 The difference between the estimated  0 and  coefficients are only observed for daily data. In the intraday analysis, the mean values for  reported in Tables 1 to 3 are always close to the median as well as the slope coefficient of a regression analogous to (9). 11 The main reason for this difference between daily and intraday results seems to be that the relation between   and   is nonlinear, as the significantly negative estimates of  2 indicate. This can also be seen from 11 In this regression,  √  −  is the independent variable and ( 1 +  ln ) the dependent variable; see Eq. (6).
the scatterplots in Figure 6 which include linear and quadratic regression lines. Thus, whether the best overall point estimate is about 13 or rather 15, depends on the time horizon and the loss function of an agent.
Conclusion
This paper presents a new stylized fact on intraday option data. Contrary to the overall downward sloping skew profile, when the strike price is fixed, implied volatilities tend to increase with moneyness. Because the corresponding moneyness variation is caused by index changes alone, this implies that when the index falls (moneyness increases), implied volatility increases, and vice versa. We exploit these intraday movements of the smile structure to estimate the relationship between index return and changes of implied volatilities.
An application to EuroStoxx 50 and DAX options for the sample periods 2000-2011 and 1995-2011, respectively , indicates that almost all of the in-sample daily variation of implied volatility across transactions can be explained by moneyness and index return (average  2 of about 99%).
This is why the stylized fact can be clearly identified. We find that the three commonly proposed traders' rules of thumb for describing the movements of the smile pattern (sticky moneyness, sticky strike, sticky implied tree) are not compatible with the empirical data over any extended time period. The sticky moneyness and sticky implied tree rules are clearly rejected. The sticky strike rule goes in the right direction, but systematically underestimates the impact of index changes which are about 1.3 times stronger than predicted. Day-to-day movements of the smile are consistent with a higher overall adjustment factor of about 1.5, depending on the specific assumptions underlying the estimation. More important than the average parameter is the finding that the adjustment factor is strongly associated with the index return on the same day.
A decrease of the index return by one percentage point tends to increase the factor by about 0.1. These results turn out to be stable over time and time to maturity classes.
Our findings can be used to test option pricing models by comparing the model implied leverage coefficient with the empirical estimates. They are also relevant for hedging, because the delta hedge ratio has to be adapted to predictable index-dependent shifts in the smile structure (see consistent with the fact that it has existed on the intraday level almost constantly for more than ten years. In general, this study shows that index-related changes of the smile in option prices are highly predictable, and the relationship between index and option markets is closer than previous literature suggests. Figure 6 : Scatterplots of day-to-day movements of the smile.  is the change of the implied volatility from day  − 1 to day  along the initial smile function (for an option which is atthe-money on day  − 1).  is the additional change in the implied volatility due to a shift in the implied volatility. The sticky moneyness rule predicts a slope coefficient of 0, the sticky strike rule a slope coefficient of 1 The lines show the estimated linear and quadratic regression functions. The estimated slope coefficients of the linear regressions are 1.52 (DAX) and 1.55 (ESX) with adjusted  2 coefficients of 72% and 71% (see Table 5 for more detail). In both cases, the quadratic term is significantly negative on the 1% level. Table 1 : Descriptive statistics of smile regression parameters from January 2000 to December 2010 (both for ODAX and OESX). The time to maturity ranges from 14 to 39 days (TtM1), 42 to 67 days (TtM2), and 70 to 95 days (TtM3).
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TtM1
TtM2 TtM3 Table 5 : Regression results for day-to-day movements. The table shows results of regression models (9), (10) and (11). Median is the median of (    ), and 0 is the mean of (    ). TtM is the time-to-maturity class. Superscript a indicates significance on the 1 percent level (two-sided test).
